To identify amino acid residues involved in PDE3-selective inhibitor binding, we selected eight presumed interacting residues in the substrate-binding pocket of PDE3A using a model created on basis of homology to the PDE4B crystal structure. We changed the residues to alanine using site-directed mutagenesis technique, expressed the mutants in a baculovirus/ Sf9 cell system, and analyzed the kinetic characteristics of inhibition of the mutant enzymes by milrinone and cilostazol, specific inhibitors of PDE3. The mutants displayed differential sensitivity to the inhibitors. Mutants Y751A, D950A, and F1004A had reduced sensitivity to milrinone (K i changed from 0.66 M for the recombinant PDE3A to 7.5 to 156 M for the mutants), and diminished sensitivity to cilostazol (K i of the mutants were 18-to 371-fold higher than that of the recombinant PDE3A). In contrast, the mutants T844A, F972A and Q975A showed increased K i for cilostazol but no difference for milrinone from the recombinant PDE3A. Molecular models show that the PDE3 inhibitors cilostazol and milrinone share some of common residues but interact with distinct residues at the active site, suggesting that selective inhibitors can be designed with flexible size against PDE3 active site. Our study implies that highly conserved residuals Y751, D950 and F1004 in the PDE families are key residues for binding of both substrate and inhibitors, and nonconserved T844 may be responsible for the cilostazol selectivity of PDE3A. Detailed knowledge of the structure of inhibitory sites should contribute to development of more potent and specific inhibitory drugs.
Inhibition of platelet activation is a fundamental step in prevention and treatment of cerebral ischemia/thrombotic disorders and cardiovascular diseases. The endothelial autocrine mediators nitric oxide and prostacyclin are physiologically platelet-inhibitory activation compounds and elevate intracellular cGMP and cAMP levels, respectively. cGMPinhibited cAMP phosphodiesterase (PDE3A), the most abundant form of cyclic nucleotide phosphodiesterase (PDE) in platelets, hydrolyzes cAMP and lowers its intracellular content. Inhibitors of PDE3A serve as potent antiplatelet agents. Although aspirin, an irreversible inhibitor of platelet cyclooxygenase activity (Hidaka and Asano, 1976) , and ticlopidine or clopidoprel, specific inhibitors of ADP-stimulated platelet function (Mills et al., 1992) , are standard antiplatelet drugs with proven efficacy in secondary prevention of stroke and myocardial infarction, they fail to alter the pathologic impairment of hemostasis in cardiopulmonary bypass, because they are unable to inhibit thrombin-induced platelet activation. In contrast, the elevation of cAMP blocks all signal transduction pathways in platelets, including the responses to thrombin. Inhibitors of PDE3A, increasing intracellular cAMP and synergizing with nitric oxide in platelet (Hidaka and Endo, 1984) , have shown potential application in modulation of coronary artery reocclusion, which occurs in up to one third of patients who undergo angioplasty or thrombolytic therapy.
Currently, two PDE3 type-selective inhibitors are used in clinical practice. One, cilostazol, with antiplatelet, antithrombotic, and vasodilatory effects, has been approved for the treatment of patients with intermittent claudication (Dawson, 2001 ) and for prevention of short-and mediumterm vessel closure as well as late restenosis after intracoronary stenting (El-Beyrouty and Spinler, 2001; Tanabe et al., 2001) . The other, milrinone, improves the hemodynamic status of heart failure via inotropic/vasodilatory effects attributable to the increase in cardiac intracellular cAMP level (Kishi et al., 2001) . Milrinone is used for the treatment perioperative severe heart failure or marked deterioration of congestive heart failure (Kikura and Levy, 1995) .
The three-dimensional atomic structure of the catalytic This work was supported by National Heart, Lung, and Blood Institute program project grant P01-HL64943 (R.W.C.) and National Institutes of Health grant R01-GM59791 (H.K.). domain of PDE4B2B has been recently determined (Xu et al., 2000) and provides considerable insight into the mechanism of catalysis and specificity of PDE4 and other PDE families. In a previous study (Zhang et al., 2001 ), we constructed a molecular model of the catalytic portion of human platelet PDE3A complex with substrate based on the homology to the X-ray crystal structure of PDE4B and the data from sitedirected mutagenesis of PDE3A. The visualized image for interactions between the enzyme active site and substrate cAMP or cGMP was presented by that study. However, to identify PDE3 inhibitor binding sites and mechanisms of inhibition, to facilitate the development of more potent and selective PDE3 inhibitors, and to visualize the nature of the molecular contacts between various inhibitors and PDE3A, more detailed knowledge of interactions between inhibitors and the enzyme is required. In the present study, we select and mutate presumed interacting amino acids in the catalytic clefts of PDE3A, characterize the properties of selected mutants using the PDE3-selective inhibitors cilostazol and milrinone, and generate models of the inhibitor-enzyme complex of PDE3A according to the data from mutagenesis and the homology model of the enzyme-substrate complex of PDE3A.
Materials and Methods
Materials. Protease inhibitors pepstatin, leupeptin, benzamidine, soybean trypsin inhibitor, tosyl phenylalanyl chloromethylketone, cAMP, cGMP, and milrinone were purchased from Sigma-Aldrich (St Louis, MO). [ 3 H]cAMP was from Amersham Biosciences (Piscataway, NJ). Cilostazol was provided by Otsuka Pharmaceutical Co (Rockville, MD).
Generation of a Human Platelet PDE3A Expression Plasmid. A vector pBSPDE3.3 (Cheung et al., 1996) contains nucleotides from 1993 to 3841 of the human platelet PDE3A (GenBank accession number U36798) was digested by XhoI and SacI. This DNA fragment, which covers the catalytic portion of the human platelet PDE3A, was subcloned to a pCR 2.1 vector through XhoI and SacI sites (Invitrogen, Carlsbad, CA). Because there is a KpnI site right after SacI in pCR 2.1 vector, a clone with the insert was completely digested with XhoI and KpnI to add a KpnI site at the 3Јend of PDE3A for cloning purposes. The 2-kb XhoI-KpnI DNA fragment, which covers the entire catalytic region of PDE3A, was then cloned to the baculovirus expression vector pBlueBacHis 2 (Invitrogen, Carlsbad, CA) to generate pBBH3031. This vector contained an extra oligonucleotide fragment for 31 amino acids, including six histidines and an enterokinase cleaving site. When expressed, the specific activity was similar to that of the enzyme expressed in yeast or purified from platelets (Cheung et al., 1996) .
Site-Directed Mutagenesis. All mutagenic oligonucleotide primes were obtained from Invitrogen (Carlsbad, CA). Site-directed mutagenesis of the recombinant PDE3A was performed with a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Expression in Baculovirus/Sf9 Cell System and Purification of a Recombinant PDE3A and Mutants. All procedures were described in detail previously (Zhang and Colman, 2000; Zhang et al., 2001) . Briefly, Sf9 cells were maintained in Grace's insect medium with supplements (lactalbumin hydrolysate, L-glutamine, TCyeastolate) and 10% fetal bovine serum at 27°C. Sf9 cells were cotransfected with Bac-N-Blue DNA, a linearized AcMNP virus DNA (Invitrogen), and the expression vector pBBH3031 or the vector pBBH3031 containing a desired mutation. Cotransfection was carried out by the lipofection method (insect transfection kit from Invitrogen). For expression 5 ϫ 10 7 cells were infected at an infection multiplicity of 6 in a T-75 flask. The cells were collected 96 h after infection. Preparation and purification of the recombinant virus and the mutated viruses were performed according to the protocol from Invitrogen. The Sf9 cells were harvested 4 days after the virus infection. The cells were collected by centrifugation at 3,000g for 15 min, rinsed by in 0.1 M sodium phosphate butter containing 0.15 M NaCl at pH 7.4, and resuspended in lysis buffer (50 mM Tris-HCl, pH 7.8, 10 mM MgCl 2 with 0.5 g/ml pepstatin, 0.5 g/ml leupeptin, 2 M benzamidine, 10 g/ml soybean trypsin inhibitor, and 50 M tosyl phenylalanyl chloromethylketone). The cells were disrupted with a sonicator probe at 30 spare pulses for a total time of 2 min in ice. Cell debris was removed by centrifugation at 15,000g for 30 min at 4°C. The supernatant was either stored at Ϫ80°C or further purified. ProBond nickel-chelating resin was used for the protein purification; 1 ml resin was first washed with a binding buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, and 25 mM imidazole), mixed with 2 ml of supernatant of the cell lysate and 8 ml of the binding buffer, and then rotated for 20 min. The resin was washed three times with the same binding buffer and packed in a 10-ml column. The PDE3A protein was eluted by the elution buffer (50 mM TrisHCl, pH 7.0, 0.5 M NaCl, and 250 mM imidazole), and fractions were collected. The purified proteins were further dialyzed against 50 mM Tris-HCl, pH 7.8, 10 mM MgCl 2 , and 20% glycerol. All procedures were done at 4°C. Protein concentrations in cell lysates, were determined by Coomassie Brilliant Blue Protein Assay Reagent (Bio-Rad) with bovine serum albumin as a standard. PDE Activity Assay. Enzymatic activity was measured as described previously (Zhang et al., 2001) . Briefly, in a total volume of 0.1 ml containing 50 mM Tris-HCl, pH 7.8, 10 mM MgCl 2 , and Models of Inhibitor-Enzyme Complexes of PDE3A in the Catalytic Portion of PDE3A. The catalytic domain of PDE3A was modeled on basis of the PDE4B structure, as described previously (Zhang et al., 2001) . The binding location of the PDE3A inhibitors was simulated according to the crystal structure of PDE4D-rolipram (Q. Huai, H. Wong, H. Y. Kim, Y. Liu, and H. Ke, unpublished observations). The models for cilostazol and milrinone were manually built into the active site of PDE3A using program O (Jones et al., 1991) and the binding was optimized using the program CNS (Brunger et al., 1998) . The conformation of the inhibitors was adjusted in accordance to the mutagenesis data.
Results
Selection of Inhibitors. Two PDE inhibitors, milrinone (1,6-dihydro-2-methy-6-oxo-3,4-bipyridine-5-carbonitrile) and cilostazol (l 6-[4-(1-cyclohexyl-1H-tetrazol-5-yl)butoxy]-3,4-dihydro-2(1H)-quinolinone) were used to study interactions with PDE3A. Milrinone and cilostazol are PDE3-specific inhibitors. Both of them have been approved by the United States Food and Drug Administration and are used in clinical treatment. The former is prescribed in patients with severe heart failure (Kikura and Levy, 1995; Kishi et al., 2001 ); the latter is used in patients with intermittent claudication (Beebe et al., 1999) . The potency of inhibition of milrinone and cilostazol on PDE3A is similar, although these two drugs differ substantially in their chemical structures.
Selection of Mutagenesis. As competitive inhibitors, milrinone and cilostazol should directly compete with the substrates for the binding site in the active site of PDE3A. Our data are consistent with a competitive inhibitory mechanism for both milrinone and cilostazol (Robertson et al., 1987) . Fig. 1 shows that double reciprocal plots for the recombinant PDE3A at various concentrations of milrinone and cilostazol intersect at 1/V max . Because cAMP and cGMP are substrates of PDE3A, the structure of the PDE3A catalytic domain was used to probe the inhibitor interaction sites. In a previous study (Zhang et al., 2001 ), we identified the overlapping but distinct cAMP and cGMP substrate binding sites with PDE3A and generated a molecular model of the PDE3A catalytic domain. Five amino acids were selected to mutate to alanine in the present study based on the amino acids interacting with the cAMP and cGMP substrate binding sites. We also used our previous model of the cAMP and cGMP binding sites and manually docked the structure of cilostazol as shown in Fig. 2 . We added three additional amino acids that seemed sufficiently close to cilostazol to potentially interact for a total of eight amino acids. Mutation, expression, and purification of the recombinant PDE3A and mutants were carried out as described previously (Zhang and Colman, 2000; Zhang et al., 2001) .
Characterization of Sensitivity of PDE3A Mutants. The K i values of milrinone (Fig. 3A) and cilostazol (Fig. 3B) for the recombinant PDE3A are 0.66 and 0.57 M, respectively. Despite the similar K i values for the two inhibitors, the amino acids that contribute to interaction with each of the inhibitors are different. Six mutants (Y751A, T844A, D950A, F972A, Q975A, and F1004A) show increased K i with cilostazol, but only three mutants (Y751A, D950A, and F1004A) show increased K i with milrinone (Table 1) . Mutant F1004A has the largest changes in K m for cAMP and K i for cGMP that correlate with the large changes in K i for milrinone as well as cilostazol. The data indicate that F1004 participates directly in the binding of substrate and both selective inhibitors. The mutants Y751A and D950A showed large changes in K i for cGMP and also significant changes in values of K i for either milrinone or cilostazol, suggesting that these amino acids are involved in binding of cGMP and the selective inhibitors. The mutants T844A and Q975A have normal range of K m for cAMP and K i for cGMP but significantly increased K i values for cilostazol, suggesting that these residues preferentially interact with the inhibitor.
Integration of Mutagenesis Data Into the Molecular Model of PDE3A. In the milrinone model, milrinone stacks over F1004 and forms two hydrogen bonds with D950, and a hydrogen bond with Y751 (Fig. 4A ). This binding is ready to interpret the mutagenesis data that mutation of Y751A, D950A, and F1004A increased K i by 11-, 18-, and 236-fold, respectively. Milrinone has weak hydrophobic interactions with F972 and no interaction with T844, N845, L910, and Q975. This milrinone model is compatible with the mutagenesis data that the change of the residues to alanine showed little impact on the K i values (Table 1) .
Cilostazol forms a hydrogen bond with residue D950, and exhibits van der Waals interaction with residues Y751, T844, F972, Q975, and F1004 (Fig. 4B ). This binding of cilostazol accounts for the 13-to 371-fold increase of K i when these residues are mutated to alanine. No interactions were found between cilostazol and N845 and L910. This result also corresponds well with no change of the K i of the mutants (Table  1) .
Both cilostazol and milrinone bind three common residues Y751, D950, and F1004. Interestingly, these three residues were also proposed as the key residues for the binding of cAMP and cGMP (Zhang et al., 2001) . Because these residues are conserved across all 11 families of PDE, we propose that these three residues may not only serve as key residues for substrate binding and catalysis but also play important roles for inhibitor binding in all families of PDE. On the other hand, cilostazol shows much more direct interactions with PDE3A residues than milrinone, indicating a different bind- 
Discussion
A molecular model of substrate cAMP or cGMP with PDE3A has been generated in our previous study (Zhang et al., 2001 ). In this model, the phosphate portion of cAMP is located next to Zn 2ϩ and forms hydrogen bonds with H752 as well as the Zn 2ϩ binding residues of D837 and D950. The sugar group of cAMP forms van der Waals interaction with Y751, L910, and I968, whereas the adenine ring of cAMP interacts with hydrophobic residues of D972, D989, and D1004. The targeted sites by the inhibitors should be at least partially in the substrate binding sites or close to it, because milrinone and cilostazol are competitive inhibitors, as revealed by the data of kinetic studies. Eight amino acids tested in this study were chosen based on this presumption.
Y751 is a conserved amino acid in all PDE families except phenyalanine in PDE9. We have shown previously that although the catalytic efficiency of mutant Y751A is only 5.6% of the recombinant PDE3A, the K m for cAMP is only increased by 2.5-fold. This result indicates that Y751 is more involved in the catalytic mechanism rather than in cAMP binding. Mutation of Y751 to A in PDE3A leads to 15-fold increase of K i for cilostazol and 9-fold increase for milrinone. These values are similar to the K i for the competitive inhibitor cGMP which exhibits a 9-fold increase in K i for the mutant Y751A. The mutagenesis results agree well with the molecular models of inhibitor-PDE3A complexes, where Y751 interacts with cilostazol and forms a hydrogen bond with milrinone. The results from other investigators show that the mutation of tyrosine to phenylalanine in the corresponding amino acid of PDE5 results in a 4-fold increase in IC 50 for zaprinast, whereas the exchange of the tyrosine to alanine leads to 7-fold decrease IC 50 for this specific PDE5 inhibitor (Turko et al., 1999) . Therefore, stack interaction between the tyrosine residue and the inhibitor zaprinast in PDE5 is implied. On the other hand, the mechanism of hydrogen bond interactions between the corresponding tyrosine residue in PDE4 and a PDE4-specific inhibitor rolipram was proposed based on the presumption of a peptide model of PDE4 (Polymeropoulos and Hofgen, 1999) . The site-directed mutagenesis data further sustain this assumption because replacement of the corresponding tyrosine of PDE4 to phenylalanine causes a 1000-fold increase in IC 50 for rolipram (Atienza et al., 1999) . Taken together, conserved amino acid residues in all PDE gene families are putative targets for PDE-type specific inhibitors; however, the mechanisms of interactions among type-specific inhibitors and individual PDE enzymes widely vary.
There are 20 conserved amino acid residues in PDE families; some of them are critical to enzymatic catalysis. D950 in PDE3A is one of them. Mutation of D950 to alanine in PDE3A results in 99% loss in the catalytic efficacy, whereas mutation of this conserved aspartic acid to alanine in PDE5 also leads to loss 99% catalytic capacity (Turko et al., 1998) . In this study, we found that D950 in PDE3A is a contact site with its specific inhibitors. Mutant D950A lost its sensitivity to milrinone and cilostazol, as shown by the 18-and 21-fold increase of K i for milrinone and cilostazol, respectively. This change in K i is similar to the 53-fold increase in cGMP, but the K m for cAMP is not affected in the mutant. Both inhibitors form hydrogen bonds with D950 in the molecular models of the inhibitor-PDE3A enzyme complexes. Furthermore, Fig. 2 . Relative positions of eight mutated amino acids with substrate cAMP and inhibitor cilostazol. cAMP and cilostazol are colocated in the active site cleft of PDE3A. PDE3A is presented as ribbons. Eight amino acids are shown as brown sticks, cAMP molecules are represented as small green balls and cilostazol as purple balls. Zinc is a blue hexagon. Turko et al. (1998) reported that substitution of D754 to alanine in PDE5 (corresponding to D950 in PDE3A) led to a 43-fold increase of IC 50 for zaprinast. These observations suggested that some conserved catalytic residues in PDE families such as D950 participate in interactions with typespecific inhibitors.
Six amino acid residues (Y751, T844, D950, F972, Q975, and F1004) are identified as potential inhibitor binding partners. Most of them are either substrate cAMP binding sites, substrate cGMP binding sites, or both. F1004 in PDE3A is recognized as substrate cAMP and cGMP binding sites (Zhang and Colman, 2001; Zhang et al., 2001) . Mutant F1004A leads to a 100-fold increase of K i values for milrinone, cilostazol, and cGMP, and a 100-fold increase in K m for cAMP. The mutagenesis data are well consistent with the molecular models. F1004 stacks over milrinone and forms hydrophobic interaction with cilostazol in the molecular models. These observations verify that a competitive inhibition mechanism is involved in inhibitory effects by milrinone and cilostazol in PDE3A. However, some PDE3 selective inhibitor contact sites (T844 and Q975) are in neither the cAMP nor the cGMP binding sites. These data demonstrate that cAMP and cGMP in PDE3A is partially distinct from the milrinone and cilostazol binding sites.
One mutant N845A has no effect on the K i of cilostazol, milrinone, or cGMP; it only moderately increases the K m for cAMP. The result indicates that the residue of N845 is in a particular area of the active site. Finally, L910 does not interact with any of the inhibitors or cAMP. Richter et al. (2001) performed site-directed mutagenesis to identify the amino acids interacting with PDE4 inhibitors. They found five amino acids (Y432, H588, Y602, F613, and F645) that influenced inhibition binding to PDE4. Y432, F613, and F645 in PDE4 corresponded to the three identical amino acids in PDE3A, Y751, F972, and F1004. Mutant Y751A and F1004A decrease the binding of both milrinone and cilostazol; however, F972A increases the K i of cilostazol without affecting that of milrinone. We did not mutate the residue corresponding to H588 or Y602, but it should be noted that in PDE3A, the amino acids at these positions are different: K947 and H961, respectively.
The mutation of H836 and H840 to Ala leads to a loss of catalytic activity of PDE3A (Zhang et al., 2001 ). Both residues belong to the metal ion-binding motif, which is conserved among all PDEs. Mutants H836A and H840A show a decreased sensitivity for milrinone and cilostazol (data not shown). Although the molecular model of PDE3A did not support direct contact between these amino acids and the inhibitors milrinone and cilostazol, a loss of metal ion binding would lead indirectly to the loss of inhibitor binding. This explanation is further supported by the fact that the exchange of metal binding residue H473 or H477 for serine in PDE4A results in a decrease of the rolipram binding (Jacobitz et al., 1996) . We have calculated the catalytic efficiency Each family of mammalian PDE possesses its own specific individual inhibitors. However, the determinant for this selectivity has not been clear. Based on our mutagenesis data and the inhibitor binding models, we speculate that the inhibitor selectivity of PDEs might be determined by both different amino acids in each PDE and subtle conformation variation of the active sites. Although a majority of the residues for binding of PDE3A inhibitors are well conserved in all mammalian PDEs, a few distinct amino acids may be sufficient to differentiate the inhibitors. For example, mutation of a nonconserved amino acid T844 to Ala in PDE3A results in a 25-fold increase in K i for cilostazol but has no effect on the K i for milrinone or cGMP or the K m for cAMP in this study. Our data indicate a decisive role of T844 in the selectivity of PDE3A for cilostazol, and are consistent with the argument that unique amino acids in different types of PDE are critical to determine specificity of specific inhibitor (Atienza et al., 1999) . On the other hand, the active sites of PDEs can not only provide various orientations for the inhibitor binding but may also possess subtle different conformations in each PDE family. The conformational difference might thus distinguish and select inhibitors for each family of PDEs, in a key-lock mechanism. However, this argument needs to be verified by the structural studies in the future.
Models of inhibitor-enzyme complexes of PDE3A in the catalytic portion of PDE3A are generated in this study. These models might help us to understand how milrinone or cilostazol bind to and inhibit one of its targets, enzyme PDE3A. Visualization of inhibitor interactions with PDE3A should assist in the development of even better inhibitors.
